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SYNOPSIS 


Ranjit Singh, M.Tech. 

Department of Electrical Engineering 
Indian Institute of Technology, Kanpur 
September, 1971 

A 13 MHz Spin Echo Nuclear Magnetic 
Resonance Spectrometer 


Design and fabrication of ’’A 13 MHz Spin-Echo NMR 
Spectrometer" using incoherent detection technique is 
described. The •'pulse programmer' gives ■JC/2 and pulses 
with independent control of the widths, repetition period 
and delay. The pulsed RF sourco consists of a new solid- 

C CfAtvoU-***! 

state^ crystal x' gated - oscillator' configuration yielding 
thereby an infinite 'Carrier Suppression Ratio' at the 
output of the 'transmitter'. 


Measures have been taken to circumvent the diffi- 
culties inherent in the 'single-coil technique' and for 
achievement of acceptable output signal to noise ratio. 


A new circuit for the solid state power amplifier I 
using a recent semiconductor device, the "overlay-transistor" ■ 
is proposed. 


The instrument has been made self-contained by 
Incorporating the necessary power supplies. 
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CHAPTER I 


INTRODUCTION 

Nuclear magnetic resonance techniques have become the 
indispensable tools of research in the field of modern physics 
and chemistry. The investigations about the numerous mole- 
cular and nuclear phenomena have become possible by means of 
NMR spectroscopy. Since 1946 when Bloch observed the phenomena 
and gave a sound theoretical basis of this, about 2000 NMR 
spectrometers have sprung into use in the various research 
laboratories throughout the world. The incessant stream of 
the voluminous data on NMR speaks itself of the importance of 
this technique to the research worker in the pure sciences. 

Basically, an NMR spectrometer (Pig.l.l) consists of a 
source of rf power applied to a coil^ containing the sample to 
be investigated^ mounted in a homogeneous magnetic field. An 
amplifier-detector system picks up the small nuclear signal 
which is produced when the rf frequency and magnetic field 
satisfy the resonance condition. From the nature of the 
observed signal, and on controlling the parameters of the 
spectrometer to emphasize one effect in relation to others, 
one can measure the pertinent property of interest. 

NMR apparatus can be broadly classified into two types: 
^Steady State NMR’* and ** Pulsed Nuclear Resonance Apparatus”, 
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In the former, the rf is continuously applied to the sample 
whereas in latter the sample is subjected to intense bursts 
of rf lasting for short intervals of time and the resultant 
nuclear signal is observed after the pulses are removed. 

This method is called the SPIN-ECHO TECHNIQUE, 

Pig. 1.2 depicts the pulse sequence used and the nuclear 
induction signal induced in the coil. The two rf pulses of [ 
widths t^f and 2tv are termed as K/S and K/ pulses. The 
exponentially decaying signal is called as TAIL and the 
Gaussian shaped pulse is the SPIN-ECHO. The delay between 
the two pulses is denoted by T^ and appereance of the ECHO ! 
at 2Tjjjas shown^is characteristic of the Spin-Echo phenomena. ! 
The amplitude of the signal is a fraction of a millivolt 
for proton resonance in water. The measurement of the NMR 
signals using Spin Echo technique has made possible the deter- 

I 

mination of the parameters like nuclear spin relaxation times, 
self -diffusion coefficients in fluids, chemical shift, indirect! 

■ ■ t 

Spin-Spin coupling, etc. ' ; 

1 

In Pig, 12, any leakage of rf during "off” periods is i 
detrimental to the nuclear induction signal. In the past, 
major efforts have been to synthesize an rf gate with as high 
a carrier suppression ratio (CSR) as possible. For example, 
Blume*s circuit (CSR a 10®) employs an oscillator housed in a j 
spun copper can where a planar grid tube couples the rf to 
po wen amplifier. The main purpose of the present investigation 
was to study the feasibility of a gated oscillator thereby I 
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achieving an infinite GSR.« 

A usual crystal oscillator circuit will turn on (and 
off) very slowly because of extreme high Q of the circuit. 
However, if the relaxation mode with built-in high regeneratiy 
feedback is employed, the oscillator can be turned on and 
off within timet- which are governed by rise and fall times of 
the incoming pulses and switching response of the active devicj 
used. This design eliminates much of the trouble encountered : 
in conventional spin echo spectrometers together with the 
economy of hardwarej without compromising the flexibility of 
the instrument in terms of various feasible pulse sequences, j 

Above all, the cost is cut down drastically because for most | 

part of the design, the instrument becomes amenable to fabri-- i 
cation using indigenous components. ! 

The radio frequency pulses are amplified to drive the ‘ 
power amplifier. The nonavailability of '^overlay -transistors" 
has prevented the complete solid state design of the transmittei 
which in the present work employs power tubes in the last stage. 

The receiver has the following two important features: 
first, a new type of input coupling network has been conceived 
in view of the compromises incurred upon by using a single 
coil technique. Second the audio amplifier design incorporates 
the measures for getting acceptable output signal to noise 
ratio. In the solid state version of the receiver the R.F, 
amplifier uses low noise features of the Field Effect 
Transistors at the input ^ followed by u wideband am-niT -fi T.rTr\*5 



y 

employs axi integrated circuit simplifying the design 
considerahly. 

It should he noted that the symbol H used throughout 
the literature for magnetic field (units gauss) has been 
replaced here by B. The symbol H is reserved for magneto- 
motive force in electrical engineering and hence has been 
avoided here to prevent any confusion. Also, the MKS units 
used here introduce the parameter p.Q " permeability of 
Vacuum into some of the design equations. 

TABLE 1.1 

UgEFUL DATA AT 13 MHz 

1. Magnetic field for resonance : 

B^ s 3.06 K gauss = 0,306 Wb/m^ 

2. Radian frequency: 

7 

■Wq =t 2 TTIq - 8.16 X 10 rad/sec. 

=i 6,65 X 10^^ yorr7>fec<- 

3. Tank Circuit: 

(i) L(pH) X GCpf) = 150 

(ii) Q = R^CKXL) X Cp(pf)/12.25 

4. Impedance of 

Cl) 1 vS. coil =80 -6- 

(ii) 0.1 pF capacitor = 0.1 

(iii) 100 pf capacitor ^ 100 -f'l— 
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CHAPTER IX 


SYSTEM STUDY 

The pertinent design parameters of the Spin Echo 
Spectrometer to be fabricated are listed below. The symbols 
used are same as in fig. 1.2. 

2.1 DESIGN SPECIFICATIONS : 

(a) Transmitter: 

(i) Pulse sequence to be synthesized: 

7r/2, T^, K 5 1172, Td, JC ; 

where T^ is the delay, 

Cii) Pulse width range: 

7t/2 pulse: 5 t^ 50 pi sec, 

7f pxilse; 10 7 2t'w 4 100 •pi sec. 

The widths are to be independently controllable, 

Clii) Delay, 

100 ]2 sec T(j ^ 200 m sec. 

Civ) Pulse-Sequence Repetition Period, 

100 m sec <. Tj^ ^ 10 sec, 

(v) Rise time and fall time of rf pulses j t^, t^-s 
tjp X- 1/10 (tyjr)jjl5^]2 

"^f 4 1/10 Ctiw) Tni n 

(vi) R.F, across the sample eoil: 

Peak to peak excursion » 250 ■volts* 

Cvil) Carrier Suppression Ratio (CSSR) : 

GSR better than 10*®, 
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(■viil) Frequency Stability: 

As large as possible. 

Cb) Receiver: ■ 

(i) Voltage gain = 40 dB, 

(ii) Bandwidth; 

Sufficient for distortionless reproduction of spin echo signal. 
Ciii) Signal to Roise Ratio: 

Noise level in final displayed waveform not to exceed one tenth 
of the spin echo signal, 

(iv) Recovery time; j 

As small as possible. 

Cv) Display: 

Gathode Ray Oscilloscope, ■ [ 

(c) Sample Coil: 

i; 

(i) Coil configuration: ; 

Single coll technique. 

(li) Gradient coils to be installed. Regulated direct 
otirrent upto 1.2 Amp. is required. 

2*2 DETAILED BLOCK DIAGRAM | 

The basic block diagram of the NMR instrument is 
presented in greater detail in fig. 2.1 to delineate the 
relationship between the various parts of the apparatus. The 
cntput waveforms of the three major sub-blocks, viz, the pulse I 
programmer, the transmitter and the receiver are also sketched < 
for comparison. The letter x denotes the buffer amplifiers I 
which have been omitted for simplicity. | 

The pulse programmer synthesizes the required 

pulses which turn «on» and «off« the gated oscillator. The 



FIG. 2.1 DETAILED BLOCK DIAGRAM 























gated oscillator produces rf pulses at 6.5 MHz. which are 
converted to 13 MHz yielding an output of 1.5 V peak to peak* 
The booster amplifies the rf pulses to feed the driver stage 
which yields enough voltage for the class C operation of the 
power amplifier. 

The amplified rf pulses are applied to the sample coil 
housed inside the magnet. The gradient coils O’* carry 
regulated direct current. The nuclear induction signal 
corresponding to the Larmour frequency of precession is picked 
up by the amplifier-detector system and further processed by 
Audio -Amplifier for final display on the C.R.O. 

The block designated *Regulated Power Supply* comprises 
of the following power supplies: + 6 VDC, + 15 VDG,,+ 180 7DG, 
+ 230 VDG, - 6 VDG, - 20 VDC, the current supply (1.3ADG) and 
6*3 VAC filament supply. 

The following chapters consider in detail the design 
of the individual sub-blocks. The special steps taken to 
meet the stipulated requirements have been emphasized with 
particular reference to the various compromises made. The 
level of performance has been mentioned alongwith the brief 
description of the circuit diagram. The fabrication aspects 
which are as important as the actual design have been des- 
cribed in Appendices together with some relevant derivations. 
The constant feedback between the theoretical design and 
the experimental performance would be evident throughout. 



CHAPTER III 

S^PLE noil, GOMSIDERATTmxK 

3.1 INTRODUCTION, c 

Use of single o t • 

sample coil imposes severe comproiises 

to be made in the de<?io-n • , 

sign of spin echo apparatus. This is 

because different eleotvir-oT ^ 

^rical requirements are needed for the 

same coll to sorve ^ , 

s a transmitter-coil” as well as the 

receiver coll. This difference helically arises due to 

entirely different charaoterlstlos of the carrier signal 

during ”on” and ”off” ^ 

periods e.g. during ”on« periods R.F. 

amplitude is about 250 voi -he. -ora i +. . 

oits peak to peak with preferably as 

low rise and fall times no -i.-, i 

as possible whereas during “off" 

periods the nuclear 

induction signal is a fraction of milli- 
volt excursion modulated hxr t . 

y a slowly varying component. The 

details are discussed her?. 

including the noise considerations 

as this aspect forms one nf* +- 1 -. j. j 

of the most important design para- 
meters • 

3.3 THAHSMIITEB COIL REWIRmeNTS.- 
3#2#1* Gsometryj 

fte geometry selected is a single layer solenoid. The 
»odel Chosen to represent the transmitter coll Is a medium g 
parallel RIC circuit resonating at the nuclear resonance 

f=.e,ue„oy f,. It Is shovn m the .ppendl. . that the peaE 

amplitude of the induced j.- 

scillating rf magnetic field, 

(gauss), is related -i-o , a 

to the peak to peak rf voltage 



... (3.1) 


excursion, Vpp by the approximate relation: 


2 


PP 


2Bi ^ 


14.2 


^ /y 


Gp (pf) 


Y (cc) 


where 

)^o = 

y = 


^-7 


permeability of vacuum = 4il x 10“' h/m 
a dimensionless parameter depending on coil geometry. 
Gp = tank capacitance (pf) 

Y ~ volume of coil (cc) 

Thus to maximize one should aim at maximizing 7pp, 
Gp and y, and minimizing V. It is to be noted that the 
effect of variation of Vpp is relatively more dominant, since 
all other quantities have square root dependence. 

The dependence of coil design on B^j^ occurs through y 
and Y from Appendix A as : 


y 


(9+10 c) 


c;«N 


(4+c^ ^ p3 

where r is the radius and c is the .ratio of the length to 
radius of the coil. It can be readily shown that for fixed 
value of radius this ratio (3.2) has maxima at 


,..(3.2) 


® ~ 1 * 2 ...(3.3) 

3,2,2. Q Requirements: 

loaded Q of a parallel RLC circuit is given as 

Q = Ts^o^pGp . . .(3.4) 

And the pulsed power P is related to peak to peak rf voltage by 
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i . 

Using (3.4) and\ (3.5) in (3.1) one gets 

JL 

Bi cx /(PQ/fo^)^ ...(3.6) 

Thus in order to maximize B ]_5 Q should also he maximized. How« 
ever, increasing Q reduces the bandwidth of the amplifier which 
in turn leads to the following three disadvantages: 

(i) The 10^ - 90 % rise time of a tuned amplifier is 

given by the empirical relation^ 


0.8 


0.8 Q 
f^ 


= 5RpCp 


..<(3.7) 


" B.¥. 

where B,¥. - 3dB bandwidth. 

Consequently, reduction in bandwidth results in increase of 
rise time (as well as fall time) of the rf pulses which is 
undesirable for spin echo technique. 

(ii) The minimum pulse width that can be supported 
across a tuned circuit is of the order of 1/B,¥, , This 
imposes a severe restriction on the pulsed rf parameters. 

(iii) Reduction in bandwidth increases the gaih (and 
hence the loop gain) which makes the amplifier amenable to 
instability. 

An approximate value of Q can be obtained from Eq (3 .7), 
for, say tj. <. 0.5 p. sec, as 


Q < fo'^r/0.8 = 8 


. . (3.8) 


■ From above discussion it is concluded that: 

(a) Transmitter coil should be fabricated with smallest possible 
diameter, with length to radius ratio approximately equal to 1.3. 



m 


(b) Loaded Q of the transmitter coil should be less than 8. 

3.3 RECEIVER COIL REQUIREMENTS; 

3.3.1. Noise Considerations; 

The requirements of the receiver coil are different 
from those of the transmitting coil, A receiver coil is 
designed to present the free induction signal with the highest 
possible signal to noise ratio. The model assumed is a para- 
llel RLG circuit resonant at nuclear resonance frequency with 

quality factor Q. The signal to noise ratio has been cal- 
3 

culated to be 

N A Q 0 

^ — ..,(3.10) 

% (4k B(27rfo Q DA^ Tq + Rgq Teq)>^ 

where 

= parameter representing nuclear spin properties 
N = number of turns of the receiver coil 

A = cross sectional area of the coil 

Q = quality factor of the coil 

0 = filling factor of the coil 

k = Boltzmann constant 

B = 3dB bandwidth of the circuit 

fg = nuclear resonance frequency 

B - a slowly varying function of the coil shape 

Tq = Temperature of coil,°E 

^eq = equivalent short noise resistance of the receiver 
referred to input 

Teq “ noise temperature corresponding to Rq^j, *»K 

Thus the signal to noise ratio will be increased 
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as Tq, the temperature of the coil is reduced. At room 
temperature, the equation (3.10) simplifies to 


E3S 




1 ._■< 0(10/8 .Fk fo DB Tg5^ 


... (3.11) 


because Req Teq </. 


Consequently SNR is maximized bys 

(i) high filling factor, which implies that the coil 
fits closely on the sample and is shorter than the sample, 
(li) having & large suggests a large sample. 

(iii) selecting large Q, 

(iv) small bandwidth B. 

The parameter d. is not amenable to external control' once the 
sample is fixed but for various samples, ci 'Will differ e.g. 
for glycerine / is larger than that for water. 


Now, the coil parameters Q, N, A, 0, D are complicated 
functions of each other"^and at best one can give the qualitative 
statements. In practice, to maximize one starts with 

the largest sample possible and winds as close to the sample 
as possible, the highest Q coil, that can be made to resonate 
with the receiver. 

In summary, the optimum transmitter coil design calls 
for low 9 and smSll 'Volume of the sample whereas the optimum 
receiver coil design calls for high Q and large volum.e of 
the sample. In the former case one is trying to achieve as 
small rise and fall times as possible whereas in latter^ one 
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is striving to maximize signal to noise ratio. It is obvious 
that performing these two functions with a single coll involves 
the ultimate compromise between rise time and signal to noise ratio. 

It is pointed out here for design considerations that 
the signal to noise ratio also depends on the noise contributed 
by the transmitter tubes. This important fact is particularly 
emphasized again in the design of the power amplifier where 
quiescent current during ”off“ periods is kept small to reduce 
the shot'' noise as far as possible. It is evident that class A 
amplifier configuration is unsuitable for this application. 


O 



CHAPTER ry 


DESIGN OF TRAHSMITTER 

The transmitter consists of Pulse -programmer, Gated 
Oscillator, Booster, Driver and Power amplifier. The detailed 
design of these stages is described in this section. In the 
end, the design of the solid state power amplifier is proposed, 

4,1 PULSE PROGRAMMER 

The desired waveform which actuates the '‘Gated 
Oscillator" is depicted in fig. 4,1, The t^ and 2t^ are the 
ifidths of 7^/2 and pulses respectively with Tp the 

delay between them. This sequence is repeated at intervals 
of Tj^. All the four parameters are independently controllable 
by the respective knobs. The amplitude Vp is as fixed quantity. 
The rise and fall times are not of much concern here. 

Hie synthesis procedure for this rather unfamiliar 
waveform is explained in fig. 4.1. The clock (fig. 4. 2) generates 
a square waveform v^Ct) with repetition rate equal to Tr. 

This is differentiated and clipped to drive the one shot ,1, 
yielding the j'i/2 pulse CvKt)). Simultaneously, the square 
wave initiates a*^elay" unit which yields a rectangular train 
vsCt). This is differentiated and clipped & fed to the one shot 
giving the 7t pulse (v"(t)). 

The circuit realization (fig. 4, 3) of the block diagram 
(fig. 4, 2) is str ight forv/ard. Qi and Q 2 constitute an 

















Pulse /INXi n pulS€ 



eSs 64, ; Cl(.73^ Fie,/^.^ 
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astable multivibrator using high gain silicon transistors 
GIL 523 (hpE = 250) for stability* The ganged potentiometer 
PRl simultaneously varies conduction times of both the trans- 
istors. The very wide variation in Tj^ necessitates variation of 
the capacitor also. This is accomplished by bandswitch BS 1, 

The two pulse generators and the delay unit are synthesized 
by means of a stable multivibrators. The required timings are 
properly achieved by hand-picking the components. This means 
that several units were taken and measured to give the matched 
values^ e.g. the timing capacitors 1500 pf and 3000 pf must be 
exactly in the ratio 1:2, The switch S 2 is SPOT type and 
determines the two "windows” in the pulse widths, viz. when 
is open, the timing capacitors in the pulse generators are 
1500 and 3000 pf whereas, when Sg is closed, the respective 
values are 3000 and 6000 pf. This gives the two windows inTt 
pulse as* 10 - 5C p. sec and 50 - 100 p. sec. 

The diodes Dg, D 3 , D 4 are silicon diodes CD31 whose 
Prv is not of concern here. The other transistors Q 6 through 
Q 10 are GIL 732* The adding is simply accomplished by lowering 
down the two generator Impedance levels by means of emitter 
follower and taking output across the common 510_fL resistor. 

The fuse P 5 (100 mik) is connected at the output of VQ(t), 

The output amplitude is 4.5 volts. 

4.2 GATED GSCILLilTGR 

Design of gated oscillator is heart of the nhole Investi- 
gation, The final circuit though simple, was evolved after the 
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extensive experimentation with conventional oscillator circuits 
did not yield the desired results. The fundamental problem is 
as follows: the oscillator must be capable of starting and 
quitting oscillations in times ^ 0.1 x (Minimum pulse width) 
i.e. about 0.5 p. sec. The requirements of high frequency- 
stability dictate the choice of crystal as the basic element 
in the tank circuit. Now, it can be proved easily (App. D.l) 
that number of cycles required for an oscillating circuit to 
reduce the RF amplitude to of the steady state value is 
given by: 


W' = 


P Q 
100 


* . « (4 • l) 


Since Q for a crystal is of the order of lO'^, it will 
require exhorbitantly large number of cycles to elapse for a 
crystal oscillator used in conventional circuits like Hartley, 
Golpitts, Pierce etc. This fact has been experimentally 
verified with several oscillator configurations. 

These difficulties arise because the loop gain of the 
basic amplifier varies slowly to reach a value more Cor less) 
than unity. Conceptually, then an oscillator configuration. 

. with large amount of feedback such as is possible in switching 
mode may be the answer to this problem. Hence, the basic 
astable multivibrator was investigated in this respect. 


Fig, 4, 5 shows the basic astable multivibrator with the 
following modificationss- 

(i) two crystals are inserted in place of the timing 




Fis 4-5.* Gated Astable Multivibrator 



Fis 4-6 ; Development Of 
Gated Oscillator Configuration 
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capacitors. A variable capacitor is connected across 3^. 

Cii) a means for starting and stopping the A*M,T, is 
incorporated in emitter leg of Tr2_ by the third transistor. 

It was proved experimentally that such an oscillator can be 
gated in times that are not governed by Q of the crystal but 
by the charging and discharging mechanisms inherent in the 
transistors. Thus one has to choose fast transistors to 
achieve small rise & fall times. This is a very significant 
result as it made possible further fefinement of this circuit 
to that shown in fig, 4. 7. 


Working of this circuit will be explained by the model 
in fig. 4. 6. The emitters of Q 2 _ and Qg 3-^® supplied by identical 
constant current sources. Base of Q]_ is grounded and its collec- 
tor is directly returned to base of Q2* ^® emitters are tied 
up through the capacitor G; The collectors contain equal loads 
but are returned to different power supplies - “* '^CGg* 

Alternatively, as will be evident soon, the collector supply 
could be same with unequal collector resistances. However, 


this circuit will not work if both R/ 




' 002 * 


By virtue of above configuration any change in collector 
voltage of is transmitted immediately to base of Q 2 » (This 
is in contrast to conventional multivibrator circuits). Due 
to this full positive feedback, none of the transistors can 
remain in active region. Little thought will reveal that it 
is also impossible for both transistors to be cut off or both 
to be in saturation. This leaves the only two remaining 
possibilities 5 



Fig ^‘1 G A i t.D D sc i IL /ITO R 
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(i) off Q 2 on 

(ii) Qx on Q '2 off. 

Now it will be proved that these states will follow one 
another i.e. the circuit performs the function of an astahle 
multivibrator. Assume for the moment that is initially off 
and Q 2 is on. Then = 0 and the current flows through the 
capacitor, G from left to right. Therefore, Tgg =21. The 
constant current I charges the capacitor linearly, causing 
to rise linearly as shown in fig. 4, 6. The collector voltages 
are held constant during this interval at values; 

= — ''^CCx ~ ”” "^2 • • • (4,2) 

and 

V Qg = “ V QQg + 2IR=-“V0 ,..( 4 , 3 } 

As soon as Vg^ >0 (neglect diode drops for simplicity) 
the transistors switch the states through the regenerative 
feedback and collector voltages became 

Vq^ — “ "^GGp '*'2 I R = • • • (4,4) 

and 

'^C2 ~ "■ '^GG2 = - V4 ,..(4.5) 

Now, the current has reversed its direction in the 
capacitor and it charges linearly causing Y-^ to increase at the 
same ratev. As soon as Ve 2 becomes equal to -V^ "the transistor 
Q 2 no longer remains off. Thus the system is in the same S'tate 
as before and the circuit is self perpetuating. Hence, the 
collector waveforms are square waves. The frequency of this 
waveform is determined as follows 3 
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The capacitor charging equation iss 
/- 

1/0 / I dt = Vi - Vg 

-^0 

But from (4.2) and (4,4) one gets 
- Yg = 2 I R 

Therefore 


. . . (4,6) 

... (4.7) 


T/2 = 2 R 0 

or f = 1/4 R 0 ...(4.8) 

Note that actual value of current generators is of no signi- 
ficance. In fig.4,7jthe crystal decides the period of switching 
of the multivibrator. Crystal frequency is 6,5 MHz. The 
2nd harmonic is extracted by means of parallel tuned circuit 
consisting of: 

(i) Inductance Lf, miller coil 4504 with value adjust- 
able from 2.8 to 5 ja H, The unloaded Q at 7.9 MHz is 60, 

(ii) Trimmer, Op : 7 - 30 pf //o p? . 

(iii) A resistor whose value decides the loaded Q and 
hence the bandwidth. Since the rise and fall times of final 
RF output are decided by the sample coil, the design of this 
network is not critical from the bandwidth point of view, A 
low value of loaded Q is desirable to avoid ringing. Hence, 
a loaded Q of 5 with 30 pf capacitor at 13 MHz gives 


Rp = Q/WqGp = .2 k. 


. . . (4.9 ) 


In fig.4.7>Q]_3, Qp4 form the basic multivibrator supplied 
by constant current generators and having thermal 
stability factor = 6. The gating pulses are applied as one of 
the collector supplies through the isolating transistor Q]_2» 



The output is capacitively coupled to the emitter follower 
biased at 1 m A with thermal stability factor =■ 6, Then the 
signal is applied to the ’’booster" through a 15 cm long RG59/CJ 
coaxial cable. The capacitance contributed by the cable is of 
no concern here since source impedance is quite low. 

Since carry constant currents these need not 

be fast switching transistors. Hence CIL 701 silicon NPN were 
selected. However, Qi2) Ql3s Ql4 ^ ^7 which is of 

fast switching type. 

The + 6 vdc and - 6vdc supplies enter the chasls through 
2300 pf feed through capacitors and TC type decoupling filter 
networks . 

4.3 BOOSTER & BUFFER DESIGN 

The gated oscillator output of = 1.5 v.p.p, is insuffi- 
cient for providing excitation to the driver stage. A Class-A 
amplifier of moderate gain is suitable to boost its value for 
adequate drive. An RF amplitude of 6 v.p.p. is suitable for the 
driver. With Yqq = 6 v., the Vqj. required is 3 volts because of 
inductor action. For 3 mA quiescent current the emitter resis- 
tance, Rg = 1 K, For thermal stability factor S =15, this 
gives Hg II R^ = 14 K, The tank circuit is composed of : 

Ci) Inductor L]_ = 1.58 p H of unloaded Q = 200 at 7.9 MHz. 
It is wound on a plastic former 2 cm dia using 11 turns of 18 
gauge enamelled copper wire. 

(ili Parallel combination of a fixed 56 pf disc ceramic 
capacitor and trimmer of value 7 - 30 pf. 








(iii) Shunt resistance of 2.7 K 1 W resistor. 

The bypass capacitor (3.3 nF) has reactance of = 3 ohms at 
13 MHz. The resistance at the input serves to avoid undesir- 
able oscillatins. Its value determined expermentally is = 

470 ohms. The transistor Q 2 L 3 is GIL 732 with BTCBO =12 T, 

The amplified signal is coupled through a 3.3 nF 
capacitor and applied to driver stage through the buffer 
amplifier Q]_ 9 » It is an emitter follower with 100 ohms in 
collector circuit for protection. The quiescent base voltage 
is = 0 VDC and current of 4 mA gives sufficiently low output 
impedance. The power supplies used are (i) + 15 VDC collector 
supply and (ii) - 6 VDG emitter supply. The former is derived 
from + 230 VDC. The feedthrough capacitors and decoupling 
networks have been addTsd. For buffer, the transistor used is ■ 
silicon NPH GIL 769 with BVGBO = 32 V. 

4.4 DRIVER STAGE DESIGN 

The driver stage must give about 70 v.p.p. RF to the 
power amplifier stage (vide sec. 4. 5), This can be convenient- 
ly obtained from a single tube. Instead, it was envisaged to 
make the solid state design. It is difficult to achieve this 
by means of a single transistor stage because high BVGBO 
transistor with high fj and power dissipation rating was not 
available. The desired RF amplitude was obtained from the 
three transistor circuit shown in fig.4. 8 , The transistors 
are silicon NPN each with f^i = 600 MHz, BVGBO = 30 V and 
collector dissipation = 200 mW at 25“G (q^^ - • 
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The three 27K resistors equalize the dc voltage as well as 

signal ezcursions across the three transistors. The bias is 

provided by a method similar to grid leak. If Vg is the 

quiescent base voltage and Ig the average value of base 
6 

current, then 

= Vg/Ig ... (4.9} 

Also ,Rg must be large enough so that capacitor holds the 
charge for sufficient amount of time during the discharge 
period. Thus, 

Rg 10 Xq ... (4.10) 

It will be noticed that for a transistor class G stage, this 
method needs no protective device as in tube, in absence of 
drive. 

Now, the bias value Vg depends on the conduction angle 

6 

choosen. Fig. 4. 9 depicts the base voltage VgCt) « The top 
portions are compressed due to conduction and hence cause 
reduced input impedance. It is clear that (Pig. 4. 9) 

Cos (0/2) = (Vg + V(j)/(Vp/2) ...(4.11) 

The values of the components used to produce the required 
bias are estimated as follows, l^ppose 10mA of average 
collector current flows. If average hpg = 40 then average 
base current needed is i mA. For 7p/2 = 2 volts and © = 120'^, 
one gets from (4.11): Vg + V^ = 1 volts. Hence Vg =0.4 V 
and therefore Rg = 1600 ohms. From 4.10 the capacitor should 
be more than 8 pf at 13 MHz* The optimum value of Rg is 
experimentally determined to be 910 ohms. 






The efficiency of a class G amplifier is theoretically 


given hy 


7 


G - sin G 


^max 


4 sin G) - 2 G cos d G) 


... (4.12) 


n 


This result checks for G = 180°, when f = 78. for class B 
amplifier. Experimentally it is also possible to determine 

O 

efficiency by 


rj. = 1 - (Vq min/^CC^ ...(4,13) 

where symbols are explained in fig. 4. 10. Pig. 4. 11 shows the 
graph between efficiency and conduction angle determined from 
(4.12) numerically using the digital computer. 


The voltages at the base of Q 22 _ Q22 collectors 

of Q 207 Q 21 Q 22 phase. Neglecting the storage 

delay, these voltages are in opposite phase to the base voltage 
of Q 20 * 

The tank circuit consists of: 

(i) Lg = 1.78 pH coil with unloaded Q = 210 at 7.9 MHz* 

It is hand - wound using 12 turns of 18 gauge enamelled 
Gopper wire on plastic former of 2 cm diameter. 

(li) A condenser consisting of parallel eombihation of 
27 pf ceramic disc capacitor, and a 30 - 70 pf trimmer. The 
10 cm length of RG 62/U cable adds about ^-bpf and tubes of 
power amplifier furnish another 10 pf* At 13 MHz, f (wavelength) 
= 5.8 meters. Since cable lengths are much less than i 'A 7 
they essentially act as capacitive load to the tank;: circuit. 





(iii) The 20 K grid resistor of power amplifier is in 
parallel with Lg. The parallel resistance can not be made as 
low as in gated oscillator tank circuit because this will 
reduce the resonance tank Impedance and hence the voltage 
swing of the output. 

Also, base resistances of the transistors must obey 
the following relation for avoiding too much of ac signal 
feedback®: 

Rg yy ■§■ Rq »«• {4.14) 

However, the upper b^nd on base resistance is restricted by 
thermal stability considerations. 

Power supply is +■ 45 V.D.C. derived from + 230 VDG by 
means of zener diodes (fig. 6. 5). The feedthrough capacitor 
and Tt type RC decoupling network have been incorporated for 
proper R.F isolation. However, RF choke is not necessary in 
this circuit. 

4,5 POWER AMPLIFIER DESIGN 

This section describes the power amplifier made using 
the vacuum tubes. 

4,5,1. Discussion 

From specifications the order of RF voltage required is 
250 V.P.P. across the sample coil. This is conveniently 
obtained by vacuum tubes instead of transistors. The class 0 
configuration is employed because of: ■ 

(i) High efficiency 

Cii) Low average current yields low tube noise. 

(ill) Relative immunity to parasitic oscillations. 
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The pentode is chosen instead of triode because of former 
negligible Miller effect and larger gain-bandwidth product. 
Grounded-cathode is the most suitable configuration. Simpli- 
fied calculations are outlined here for determination of the 
operating conditions. The pertinent ,<.characteristics are listed 
in Appendix B.l 


The conventional ‘method for class C RF amplifier design 
is very tedious involving graphical integration of the plate 
current characteristics. The step-by-step design procedure 
given in reference aO) will be followed. Table 4.1 will be 
referred to for this method? The various symbols to K 5 
cannot be defined as' such but their meaning will evident from the 
equations used for design. An another factor^ Kg which is a 
function of grid bias and driving voltage is given in table 4 . 2 * 
These factors K^ to Kq are calculated by assuming sinusoidal 
drive. 

TABLE 4.1 

©p Kq_ K2 K3 K4 K5 

210 2.75 0.723 0.205 0.795 0.284 

200 2.87 0.745 0,148 0.852 0.273 

190 3.00 0.765 0.081 0.919 0.262 

180 3.14 0.785 0.000 1.000 0.250 

170 3.32 0.805 0.095 1.095 0.237 

160 3.50 0.825 0.210 1.210 0*224 

150 3.75 0.844 0.350 1.350 0.213 

140 4.00 0.862 0.520 1.520 0.200 

130 4.25 0.880 0,732 1,732 0.187 

120 4.60 0.897 1.000 2.000 0.174 

110 5.00 0,913 1.345 2.345 0.160 

100 5.50 0.927 1.800 2.800 0.145 

90 6,10 0.940 2.410 3.410 0.130 
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The choice of conduction angle is a compromise between the 
following factors: 

(i) Large conduction angle which reduces drive power hut 
results in reduced efficiency* 

(ii) Small conduction single which increases plate circuit 
efficiency but requires higher driving power. 

Most satisfactory results are obtained for conduction angle 
equal to 140°. 

4.5,2. Calculations 2 

Let = 220 Y , = 220 V and plate input = 15 _¥. 

The calculations proceed as follows: 

(i) DC plate current, = (15/220)10^ = 68 mA 

(ii) Peak plate current, i-j^ x 

= 4 for ©p = 140° , therefore 1-^ max “ 272 mA, 

(iii) From characteris (Appendix B.l) the effective mini- 

mum place voltage e-bcmihj peak positive control grid voltage 
©Cl Tnay found for E^p = 220 Y and the calculated value of 
ib max* maximum plate circuit efficiency and maximum power 

gain^both ®clmax should be as small as possible but 

choice of these values below the knee causes excessive control 
grid and screen grid currents. The use of values too far to the 


TABLE 4.2 


Ici/Egi 

Kg 

®C2_/®g]L 

% 

0.25 

4.67 

0.65 

6.95 

0.30 

4.84 

0.70 

7.52 

0.35 

5.04 

0.75 

8.25 

0.40 

5.26 

0.80 

9.25 

0.45 

5.50 

0.85 

10.70 

0.50 

5.78 

0.90 

13.12 

0.55 

6.10 

0.95 

18.63 

0.60 

6.49 





right of the knee reduces power output and may result in exce- 
ssive plate dissipation. In this cases 

min = ®<^lmax “ 

Civ) Power Output = = K2 (E-j^ - e-j^ min^ ^ 

= .862 (220-70 )x68x10~3 = 8.8 ¥. 

Cv) Plate Dissipation Pp = (E]^ x Ii^) - Pq = 15 - 8,8 = 6.2W. 
which is within the maximum plate dissipation rating, 


(vi) Control grid bias, S^_ = - (K3 x e„, ) - 


The mu-factor = 16. Hence 


E 


Cl 


(.52 X 14) - 


«1 


1.52 X 220 


°lmax 


Pg2gl 


16 


= - 7.3 - 21 = - 28.3 


(vii) Peak rf control grid voltage E required to drive 

ol 

the tube to full output is Eg^ = - 

- + 28.3 + 14 = 42.3 7 

(viii) The peak control grid current from grid-current 
characteristic curves is, icimax; “ grid current 

is given by: 

= ir. Afi 
Gl Clmax ^ 

For Ec^/Eg^ = 28.3/42.3 = f , Kg = 7 from table 4.2. 

Thus , 1^1 = 10/7 =1.4 mA. 

(ix) The approximate driving power required by the grid- 
cathode circuit of the tube Iss given by: 

P^-O.O Eg^ Ip^ 

= (0.9) (42.3) (1.4) mW = 53.4 m¥. 

The above design requires very large rf swing at the in- 
put which will necessitate a tube for the driver stage also. 
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Hence the following modified design has been used in actual 
circuit which requires less rf drive voltage and no grid power* 

Let Plate Input = 10 W, The other calculations are 
summarized below; 

(i) = 220 V, Egg = 220 V. = 10 x 10^/220 = 45 ..6 mA 

0 - 140° 

P 

(ii) = 182 mA (Table 4.1) 

(iii) "^5 ®0 'irn a-x- ~ 9.5 V, 

(iv) Pq = 0.862(220 - 50) x 45.5 x 10“^ = 6.65 ¥ 

(v) Pp = 10 - 6.65 = 3.35 W 

(vi) Ecp = - .52 z 9.5 - 21 = - 26 V 

(vii) Eg. = 26 + 9.5 = 35.5 volts. 

(viii) iQ2.inax ~ *** driving power = 0 

The above design fairly well meets the requirements . 

The experimental values are as under; 

Plate voltage = 230 VDC 
Screen grid voltage = 230 VDC 
Control grid bias = - 20 VDC 

Plate current drawn by a single tube in absence of drive is 1 mA 
plate current drawn for continuous sine wave drive = 26 'mA 
for one tube. 

4.5.3. Circuit Description; 

Fig. 4,12 depicts the power amplifier employing two 
tubes (5763) in parallel* The factors necessitating use of 
two tubes will be discussed in the "tube-receiver” design. 

The suppressor grid is connected to the cathode by a copper 
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■wire (gauge 16). The major difficulty experienced was due to 
the undesired oscillations which used to occur during off periods 
This difficulty was circumvented by the following techniques s 

(1) addition of 100 ohms resistors at the control grid 
of each tube, soldered at the socket. 

(2) addition of 51 ohms resistors at the screen grid of 
each tube, soldered at the socket. 

(3) addition of RFC (L3) in the plate circuit. 

(4) cascade of decoupling networks for the plate, 
control grid and screen grid voltage supplies. 

(5) feed through capacitors of value 2300 pf affixed 
right at the entering points for the plate and control grid 
supply leads. 

(6) using shortest possible leads of thick Qopper wire 
for all interconnections. 

The rf driving signal is coupled through 3. -3 nF capa- 
citor from the driver stage and applied to control grid by 
means of 10 cm long RG62AJ coaxial cable gro-unded at both the 
ends. Of the various types of interstage couplings possible 
e.g. inductive coupling, link coupling and capacitive coupling; 
the last one is the simplest and most economical. Since 
driver power requirement is nil, the maximum power transfer 
afforded by other method is not required here. 

4,6.4. Tank Circuit Design; 

The various compromises in the design of sample coil 
have been explained already (Chapter 3). The sample coil 
inductance value is determined by the tank capacitance which 
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depends on the length of the cables used to transmit the sig~ 
nal to and from the coil. This in turn depends on the physi- 
cal location of the coil and the magnet with respect to the 
transmitter and the receiver. Assuming 1 yard of RG62/IJ cable 
length for each side, the absolute minimum value of tank capa- 
citor is = 13.5 X 6 = 81 pf (Table €r»l). The sum of power - 
amplifier tube output capacitances and the receiver tube input 
capacitance = 15 pf. Assuming 30 pf to be put as an external 
capacitor, the approximate value of tank capacitor is then 
126 pf. In actual circuity the sample coil inductance'- is 
1 jiH requiring capacitance of about 150 pf at 13 MHz, The 
rest of the capacitance is provided by parallel connection of' 
33 pf fixed ceramic disc capacitor and a variable condenser* 
The measured lengths of the coaxial cables are 37" and 34" 
respectively. 

The choice of the cable type is very critical in this 
tank circuit e.g, two yds of RG58AJ cable (Zq = 53 ohms) which 

I'V) 

is mostly used [^ordinary 'laboratory work will have shunting 
capacitor of value about 170 pf. This will make the tank 
inductance small enough to make resonance impedance undesir- 
ably low. ‘ 

Since the rf voltage levels are the highest in this 
circuit, the proper decoupling circuits and the actual 
circuit layout are very important for the final suooisss of 
the amplifier operation. Ceramic capacitors have been used 
throughout. 
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4.5.5. Stabilization; 

The high frequency high voltage 9 . amplifiers are always 
prone to undesired oscillations at the signal frequency or 
other parasitics. The various techniques described earlier 
(Page 39) are mostly empirical, cut and try methods. Since 
these have succeeded, one need not design the relatively compli- 
cated neutralizing circuits. However, the class A configuration 
which was extensively experimented upon also^ could not be made 
free of oscillations without neutralization. The final class C 
design is stable as well as less noisy because of very small 
average direct current. 

The shielding aspect is discussed separately in the 
chasis layout (Appendix G.2). 

4.5.6. Grid Bias Schemes 

Of the three method^viz, the fixed bias, the grid leak 
bias and the self bias, fixed bias is the most suitable. The 
grid-leak bias can not obviously be used alone because the 
pulsed operation will increase plate current enormously during 
the off periods. The self bias is not as stable as the fixed ^ 
bias. The fixed bias is obtained from a negative supply 

, (.h 

(- 20VDC) through^. 20K grid resistor. Ho RP choke is needed 
in the grid circuit since adequate decoupling is achieved > 
by 7Y 'type PG filters. 
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4.6 PROPOSED POWER AMPLIFIER DESIGN USING SEMICONDUCTORS 

The high value of RF amplitude led to the choice of 
tube in the power amplifier design. This choice though con- 
venient and economical is not however indispensable. It is the 
purpose of this article to envisage a solid state design for 
this unit also. 

Upon surveying the transistor data sheets it is evident 
that most high frequency, high power transistors have maximum 
collector breakdown voltage as 60 Y, Thus, we have to use the 
same concept as in the design of driver stage (sec. 4, 4) circum- 
vent this voltage breakdown limitation. It was obvious there^, 
that due to signal feedback the excursion of output signal was 
less than the otherwise possible value of 2 Yqq in the tuned 
circuits. This feedback cannot be reduced below a certain 

limit because of thermal stability considerations, 

\ 

The ability of a transistor to operate satisfactorily 
as a class C power amplifier at high frequencies depends on its 

ability to handle large peak currents at these frequencies. 

11 

The “overlay transistor “ makes this design possible wherein 
a large number of separate emitters are tied together by 
diffused and metallized aluminium regions (fig. 4, 13 a). The 
advantages of this construction are high power . output at high 
frequency_, high gain and efficiency, and low input and output 
capacitances. Fig. 4.13 lb) depicts same overlay transistors 
with their useful power output as a function of frequency. 

Table 4.3 (Page 44) lists their collector dissipation, 

BVCBO and %. 
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TABLE 4.3 

R.G.A* OVERLAY TRANSISTOR TYPES 


Type 

P^(W) 

BVGBO 

(V) 

(mSz) 


5.0 

60 

27 

40292 - 

23.0 

50 

30 

2N3375 

11.6 

65 

? 

2N3553 

7.0 

65 

500 

2N3866 

5.0 

55 

800 

2N4012 

11.6 

65 

500 

2W3632 

23.0 

65 

400 

2N3773 

23.0 

65^ 

400 

40340 

70.0 

®9r class G Mclr* 

40341 

30.0 

at 

100 MHz. 


It is evident from these data that class C amplifier 
at frequencies as high as 100 MHz delivering 70 watts of power 
are feasible. In the present problem a set of 2N3553 transis- 
tors will be considered for design since a single transistor 
Can not be used here due to low BVGBO, 

For 250 volts peak to peak RF output the minimum 

number of transistors needed will bo four. Ghoice of 5 

transistors will be imperative due to reasons mentioned 

earlier (Page 42). The input and output powers for a single 

7 

S'tage class G amplifier are related to conduction angle as 
follows: 

^in “ ^GG ^/TT (sin iO - cos ^9) ,..(4,15) 

^GUt ' ^GC 1/ - sin 0) ...(4.16) 

The optimum conduction angle for transistor class C 
amplifier is about 120°°. The supply voltage is decided as 






■yso 


follows: The efficiency for 0 = 120°, from (4.12) is 0,897. 

Also the efficiency is related to output swing through the 
(4*13). Since RF output swing = 2 (Vqq - one gets: 

output voltage swing = 2 1 ^ Vqq. 

(RF swing) 


So Vqq = 


.... (4.17) 


Hence 


Vqq = 250/2(0.897) = 139 V. 

So, Vqq = 150 ?.will be selected. Then from (4,16) the average 
collector current is: 

I = (Pout 47r)/(VcG )(Q > sin 0)) 

= (6.6/5) (47[ ) 1000/150(2.1 - 0.87) = 40 mA. 

Vqg/ 5 X I = 30 X 40 = 1200 m¥ which is well under each 
transistor's collector dissipation rating. 


The tank circuit design poses no new problems and will be 
cohsidered to be the sqme as that in tube-version (sec 4.5). 
The input bias circuit design has been explained earlier in 
the design of driver stage (sec 4.4), Following the same 
arguments, the other values are listed: 

Let input drive peak value = 3 volts. = Vp/2 
.*. Vg + '^iL~ volts for 0 = 120°. 

Hence ~ 0,9 volts. For h^g = 40, I3 = 1 mA. 

Hence Rg = 900 ohms. 

The optimum value of R^ must be determined experimentally 
as was done in the driver stage design. The final circuit 
is shown in fig .4.14. The voltage equalizi’l resistors R>> 
R3/5 in this case. Therefore, R = 12 K is satisfactory. 





CHAPTER V 


DESIGN OF RECEIVER 

The receiver picks up the nuclear induction signal 
induced in the sample coil (fig o 2 . 1 ) and processes it for 
final display on the Cathode Ray Oscilloscope. It consists 
of the input network, RF Amplifier, Detector and the Audio 
Amplifier. The design of these stages is considered next. 

5.1 TUBE-RECEIVER 

12 

5.1.1, Input Network: 

The design of this network is very crucial because of 
various compromises to be made as explained in sample coil 
design considerations (Chapter III). The coupling from 
sample feoil to the receiver is chosen to be capacitive for 
simplicity. Choice of the grid resistor is influenced by 
following considerations: 

(i) During "on” periods the tube V^ gets saturated 
because of very high input grid voltage. So, small value of 
Rg is desired for reduction of recovery time of the receiver, 

(ii) Too small a value of grid resistor will reduce 

the loaded Q of the tank circuit and hence the resonance 
Impedance. This consequently reduces the RF voltage swing 
also. , 

By connecting an inductor Lg (Fig, 5.1) of inductance >7 
sample coll L 4 , in series with grid resistor .ne reduction 
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in loaded Q can be avoided. Also^when the tube gets saturated 
its low input impedance directly comes across the tank circuit 
which again is undesirable. Connecting another inductor Lg in 
series with control grid avoids this difficulty also. However, 
the value of 15 cannot be arbitrarily large to remove this 
undesirable effect because inductance is in series with the 
input impedance of the tube which may became comparable to 
impedance of Lg and thus effectively reduce the NMR signal 
at the input. 

The 390 ohms fiesistor in series with grid is for avoiding 
oscillations in the receiver. Its value is determined experi- 
mentally. (This however increases the equivalent input noise 
resistance of the receiver). 

Now, sufficiently large values of L 5 and Lg will avoid 
the reduction in loaded Q but they simultaneously impair the 
transient response of the envelope of RF pulses. Hence, the 
inductance values are only kept moderately high and two tubes 
in parallel are put instead of a single tube in the '^power- 
Ampllfier" to increase its output power. The exact values 
of L 5 , Lg were determined.. experimentally, keeping these 
compromises in view, 

5,1.2. R.F. implifier: 

The order of NMR signal induced in the sample coil is 
estimated to be about 1 mV peak to peak. A gain of 10*^ 
will be adequate. This is achieved by four stage tube 
amplifier. Gain of the first stage is kept l-rgest to have 
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low noise figure of the amplifier. Bandwidth is decided by- 
three factors? 

(i) signal? MR signal is a slowly varying signal, the 
width of the echo depending on the sample itself* The mini- 
mum width is estimated to be 1 ms. 

(ii) stability? S?mall bandwidth means high loaded Q 
and consequent problems of oscillations. Hence, instead of sm 
small number of high Q stages, a four stage, tuned amplifier 
with low Q tank circuit was constructed. 

(iii) Noise: Smaller the bandwidth less the noise at 
the output. 

The tank circuit comprises of single layer coils of 
nominal value 9.5 jiH and unloaded Q = 60 (at 7.9 MHz) reso- 
nating with tube capacitances. Then tapering of the four 
plate resistors as shown (fig. 5.1) allows tuning to be easily 
affected by the first two stages.. Thus the last two stages 
have less effect on the tuning. The interstage coupling is 
again, for sake of simplicity, consists of d3 ac ceramic 
capacitor of value 3.3 nF, The decoupling networks have 
been used to avoid undesirable signal feedback. The tubes 
have been shielded and laid in four compartments in the 
chasis, (Bee plate X, page 7f). 

The self bias has been utilized here for simplicity. 
Table 5.1 shows various dc voltages and the calculated 

current values for reference. (Page 51). The vertical line 

(>■48) 

Inside the tube^indicates the internal connection of supp- 
ressor grid to the cathode. 
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T ABLE 5. 1 

Bias Conditions For Receiver Tubes 



^3 

V 4 

V5 : 

^6 


7,5 

5.6 

3.9 

2,2 

Rjj. K ohms 

120 

270 

150 

270 

■ . 

Yp Volts 

87 

125 

135 

120 

Volts 

2.2 

3.5 

3.8 

12 

Ijr WlA 

18.3 

13 

25,3 


Ip mA 

13.3 

10.7 

12.8 

2A.5 

Ic2 mA 

5 

2.3 

] 

12.5 

1 

ib-O 


The tubes are sharp cut off pentodes (App.B,2) 6AK5 with 
+ 180 VDG supply voltage. 

5.1,3. Detector: 


. i. I. T, 
f,-ENT«Al- LI 





This is the usual linear detector (envelope detector) 


■suitable for extracting amplitude modulated MR signal - j. 

Diode D 1 in combination with 10 K & 100 pf constitute this 
network. The direction of diode is suitable for transistor 
audio amplifier shown here using HPN units. This direction 
must be reversed for tube audio amplifier (or PNP transistors 
in audio amplifier) to give proper bias. 

■j. 5.1,4. Audio Amplifier: 

The M4R signal is large enough after the detector stage 
to be conveniently observed on GRO, But SNR of the detected 
signal is not satisfactory. To achieve higher SNR a high 
pass filter is ponnected after the audio amplifier, (This 
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obviously can not be done just after the detector, hence the 
need for an amplifier). This simple technique of improvement 
of SNR is feasible here only because of bandlimited mature 
of NMR signal as compared to noise. The circuit design uses 
the same concept as in the driver stage excepting the output 
circuit. Instead of two transistors connected in this fashion, 
one can also use an appropriate zener to bring down the voltage 
supply. The input is direct coupled to the detector. The 
zener diode at the input of the amplifier is to clip off 
voltages in excess of 30 V, Q23 & Q24 are 2N1990 Silicon 
NPN transistors with BVGBO = 100 V and P,, = 600 mW at 25® G. 

The capacitor Gjj at the ontptit serves as the high pass 
filter to the audio amplifier whose output impedance is 20 K 
ohms. Nominal value of Gg- is 1 nF but varying this, one can 
achieve any desired degree of improvement in SNR keeping in 
mind the upper cut off frequency of the signal. 

5.1,5. Display: 

The output of the audio amplifier is fed to the vertical 
plates of the GRO and the horizontal plates are excited with 
the pulse output from the pulse programmer. The latter 
measure is necessary for stable display of a waveform which 
is repetitive at very low frequencies. Hence, any low 
frequency oscilloscope is suitable for the spin-echo display. 
However for observing the transmitter output, a high frequency 
oscilloscope like Tek 516 or 454 is necessary. 

In fig. 5.1 the pilot lamp PLS is 65 V neon bulb (Jb 
cArrifis a current aX about 0*6 mA indicating the + ISO IDC 
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connection to the receiver circuit. 

5.2 SOLID-STATE RECEIVER DESIGN: 

The detailed block diagram of the semiconductor version 

of the receiver isrihowntin. fig«5.2. A voltage gain of 

, fs 

10000 (80dB) will be adequate. The center frequency 13 MHz. 

It will be recalled that bandwidth of the tube receiver was 

compromised for stability since smaller bandwidth Imply large 

loaded value of Q and consequent possibility of oscillations 

in the tube circuit. Here, this aspect does not impose 

limitations since the neutralization is envisaged for the 

amplifier stages. The detailed design follows: 

5.2.1. Input Network: 

Synthesis of this network involves careful consideration 
of the incoming signal- The RF excursion of 250 v.p.p should 
be prevented from being applied directly to the semiconductor 
amplifiers. Also the NMR signal appearing during the off 
periods is of a small magnitude and the input network should 
not attenuate this signal. Thus, the transfer characteristics 
of the coupling network should be: 

(i) Zero transmission when RF is on. ) 

) ...(5.1) 

(ii) full transmission when RF is off.) 

This immediately suggests the use of a switch synchronously 
operated with the gated oscillator wave-form. But it is 
to be kept in mind that this device has to switch in and out 
a 250 v.p.p. signal having excursions from - 125 7 to +125 V 
i.e. it is a bipolar signal with enormously large amplitude . 
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A simple circuit that exhibits the stipulated nonlinear 
behaviour is shown in fig. 5. 3. Suppose, for the moment that 
R is replaced by a short circuit. Then the output of the 
circuit during RF on periods is limited to + and during 
RF off periods, the M-IR signal passes through unaffected since 
its amplitude C <1 mV) is insufficient to forward bias the 
diodes and hence the impedance is infinite. The two diodes 
are necessary because input signal is bipolar. 

The resistance R is necessary to limit the current 
through the diodes in RF "on" periods. The factors governing 
its value are: 

(i) R should be large enough to effectively limit the 
peak diode current, 

(ii) R should not be too large to attenuate the MR 
signal during the RF "off" periods, i.e. R <l< Z±n‘ 

(iii) Recovery time: The diode junction capacitances 
must discharge for the effective impedance to change its value* 
This discharge path is to be through resistance R (and the 
coil itself which is direct coupled in this case). Hence 
making R Isrge will yield in large recovery times. 

This leads to the choice of diodes with as large 
current capability as possible and as small junction capa-^ 
citance as feasible. Another factor which is to be consi- 
dered is Prv of the diode. (Here, PIV 125 V). Qliese 
three parameters are too restrictive. Hence, two possi- 
bilities may be: 
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(a) A series of diodes to be substituted for each 

D 2 . This ^111 take care of PIV problem. Also the net capa- 
city to the ground will be a series combination of the diode 
capacities in the diode stack. This is also desirable from 
**recovery-time'’ point of view. 

(b) The diode connected transistor may be used if the 
parameters of the transistor collector-base junction meet 
the above requirements. 

The RF Amplifier consists of two sub-blocks : "preampli- 
fier'’ and "wide-band amplifier", A total gain of 10,000 is 
to be supplied by these amplifiers. 

5.2.2. Preamplifier: 

The preamplifier design has the following salient 
features: 

(i) It must be low noise amplifier since the noise figure 
of the preamplifier governs, the noise figure of the whole 
receiver provided the gain of the amplifier is moderately 
large* 

(ii) This unit controls the bandwidth since tuned circuits 
will invariably be required. 

The semiconductor device selected for preamplifier 
is the junction field effect transistor for low noise figure 
and high input impedance. Due to large Miller effect 

present in an F.E.T,, neutralization is indispihsable. 

2.3 14 

5. 2. 2 . t. Neutralization: ’ 

Of the various neutralization schemes the simplest 
chosen is shown in fig. 5. 4, Here, G and L are tank compc- 
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nents deciding frequency of operation and R determines the 
handwidth. The capacitor develops a voltage v^,^ whose compo- 
nent is opposite in phase to the output voltage. This out-of- 
phase voltage is made to feed a current through capacitor 0^ 
to cancel the effect of Miller feedback. 

The value of capacitor can be shown to lie in the 

range-^ 

I/Wq^ L « Ci<; g^/2% CB.W) .... (5.2) 

The first inequality stems from the fact that at resonance, 
the impedance of should be much smaller than impedance of 
series inductor for tank circuit action to take place. The 
secohd inequality shows the limitation due to trans- conductance 
of the device itself. The derivation is outlined in App. P. 

Once C]_ is determined, can be calculated from (F.15) ; 

^n - ^ ^1 ^gd^ / ^ ^l/Sm > ••• (5-3) 

where ^ Cgjj is drain to gate capacitance. 

5. 2. 2. 2. Tank Circuit Design: 

The resonance impedance is decided by the voltage gain. 
Two stages will be necessary for gain of 100, (The rest of 
the gain will be provided by the wideband amplifier). Since 
nominal value of gm = 2 mtXCApp. B,3), a gain of 10 implies 
R = 5 K. The bandwidth will be fixed by loaded Q: 

f^/Af = Q = Wq or ... (5.4) 

where, Af is the 3 dB bandwidth. = 5.W. 

Thus, C is calculated since all other quantities are known. 
Hence inductance value is also determined. 





For bandwidth = 0.5 MHz, Q = 26 at 13 MHz, C = 64 pf 
and L = 2.3 pH. Hence (5.2) yields: 

64<<: Ci<;640 pf . . .(5.5) 

So, choose = 330 pf. From (5.3) the value of neutralization 
condenser is equal to 30 pf. 

The final circuit diagram of the two stage FET preampli- 
fier is shown in fig. 5. 5. Transistors Q44, Q45 are n channel 
junction FET's s TIS 59 (see Appendix B.3 for pertinent chara- 
cteristics), L]_ 4 j Lq 5 are Miller 4404 coils of unloaded Q of 
60 at 7.9 miz, Lig, are RF chokes (Miller 4408 coils). 

The + 6 VDG power supply is applied through the Jftype de- 
coupling filter. 

5.2.3. Wideband Amplifier: 

This unit has been synthesized using RCA 3023 integrated 
circuit which exhibits useful frequency range upto 40 Mz. 
(vide App. B.4 for relevant parameters). A buffer amplifier 
is necessary between the preamplifier and the. I.G. chip 
because of different impedance levels, (see fig, 5.6). 

5.2. 3.1. Buffer (fig. 5. 6): 

This utilizes CIL911 transistor with fj = 350 MHz. 

Since, frequency response of a transistor is better at 
higher bias currents, a collector supply voltage of + 18 inx; 

Was chosen. The bias point selected is ^ F. & Ig = 

5 mA* The thermal stability factor, S = 8. A smaller supply 
voltage like + 6 VDG will reduce the emitter resistor and 
hence make thermal stability correspondingly poor. 
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5. 2.3. 2. CA 3023 Unit: (fig. 5. 6) 

Use of integrated circuit has simplified the design in this 
portion of the circuit. The value of K:*' is decided by 2 factors: 

(i) high value of R^yields higher gain which may cause 
undesired oscillations. 

(ii) low value of causes reduction in gain because 
of feedback e.g. for R ,3 = 2.7 K gain at 13 MHz is 0,9 of the 
midband value. Voltage gain of wideband amplifier - 40 dB. 

Both the preamplifier and wideband amplifier are mounted 
on the printed circuit cards, 

5.2.4. Detector: (fig. 5. 7) 

A simple linear envelope detector is required. The 
diode D46 is 0A150 (Gj = 2 pf, PIV = 50 V). The load resistor 

17 

RL = 5.1 K, The filter capacitor value is chosen according to 
Rj^ G = (1 - / mgWjji ... (5,6) 

where, m^ = modulation index 

Wju = maximum modulation frequency. 

. For, mg_ = -J- and - 1 KHz, the value of capacitor needed 
is = i jiF, 

5.2.5. Audio Amplifier: (fig. 5, 7) 

This stage uses a high gain transistor GIL523 (hpE = 260) 
biased at Ig = I- mA & = 3 V with thermal stability factor, 

S = 8, Collector power supply Vqq - + 6 ITDC- 


0 



GHzIPTER VI 


DESIGN OF POWER SUPPLIES 

The following regulated power supplies have been designed 


Ci) 

+ 6 VDC 

Cii) 

- 6 VDC 

(iii) 

+230 VDC 

(iv) 

+ 180 VDC 

(v) 

1.3 ;imp, DO 

(vi) 

6.3 VAC (unregulated) 

(vii) 

- 20 VDC 

(viii) 

+ 15VDC 

(ix) 

+ 45 VDC 


The last three power supplies have been derived from the 
earlier ones, iill of them are regulated except the filament 
supply. The ^ power supply unit I* contains + 6 VDC, - 6 VDC & 

- 20 VDC supplies whereas + 180 VDC, + 230 VDC, 1.3 ianp. DC and 
6,3 VAC supplies are housed in the '^Power Supply Unit II'^, The 
“driver stage power supply unit” contains + 15 VDC and + 45 VDC 
supplies. Protecting fuses and indicating pilot lamps have 
been built-in at the appropriate places. 

It is not intended here to discuss in detail the design 

of each and every supply as the designs are readily available 
T9" 

elsewhere , The detailed design procedure will be given for 
+ 180 VDC supply and the salient features of others will be 
mentioned. The series regulator has been used throughout, 
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6.1 GENEE.1L DISCUSSION: 

6.1.1. 4- 6 VDC & - 6 TDG Power Supplies (fig. 6.1 & 6.2): 

This designed is based upon Middlebroolc*s generalized 
18 

power supply design , The current capability of each is 
1 limp, although the acutal requirement is ■<- 250 mi*. In 

- 6 VDC supply, D]_3 and act as voltage doublers yielding 
an auxiliary supply for the zener Dis* The latter establishes 
a reference for a relatively constant current for the ‘sense 
amplifier^ Qg2» These supplies are needed in "Pulse generator", 
"Gated oscillator" and semiconductor version of the "receiver". 

6.1.2. +230 VDC & + 180 VDC Power Supplies (Fig. 6. 3 & 6.8): 
These two units have been designed on similar lines. 

Here the constant current to the * sense amplifier' is supplied 
through transistors (Q33, Q37) instead of a resistor as in 

- 6 VDC supply (sec 6.1.1). The zener stack in + 230 VDC unit 
obviates the need for an input step down' tfransformer. The 
diodes D25 & D40 protect the output series transistor against 
any transient voltage surges which otherwise may damage them. 
The current ratings are 100 nul each. + 230 VDC supply is 
needed in "Power Amplifier" ’ driver stage power supply unit;. 

+ 180 VDC supply is connected to the "tube-receiver" . 

6.1.3. 1.3 imp. Sfupply (Fig. 6.4): 

This supply is needed for providing variable uegulated 
dc current to the gradient coils C', C" around the sample- 
coil (fig. 2.1). Diode, D32 establishes the reference and 
the Variable resistance R determines the various current 
values. The discrete variations in current (mi) are; 140, 

240, 270, 300, 350, 410, 500, 660, 900, 1260.' 
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6.1.4. The 6.3 VAC Supply: 

This is just a step-down transformer of 5 Amp secondary 
rating. It is needed for tubes used in -the ’’power Aimplifier^j 
(^1? ^2^ the ’’tube-receiver” (V3, V4, Vg, V0)» The actual 
current required is (2 x .75 A + 4 x .175 A) = 2*2 Amp. AC (rms). 

For keeping heater voltage constant^ the input mains 
must also be regulated. Since this Unit is readily available 
in laboratories, the separate regulator for the filament 
supply Was not deemed necessary. 

6.1.5. - 20 VDG Supply (Fig .6.2) 

This unit supplies to the control grids of the trans- 
mitter tubes V]^ and V2. The current requirement (as explained 
in the power-amplifier design, (sec 4,5)) is negligible and 
this makes it very easy to design from the doubler in the 
- 6 VDC supply (fig. 6. 2). Point P^q serves a^ the take off 

for this. , The potentiometer across the reference zener^ D17 

• 1 

allows this voltage to be varied from - 20 VDC to - 22,5 "VDC. 

6.1.6. Driver Stage Power Supply tJlilt: (Fig. 6. 5) 

This provides two supplies of values + 15 VDC and 

+ 45 VDG obtained from + 230 VDC regulated supply. It is 
needed for buffer, Q;Lg and driver stage transistors Q20“'322* 

The current requirements are 4 mA and 5 mA respectively. 

6.2 DETAILED DESIGN OF + 180 VDC SUPPLY^^s 
Output Voltage, V^ = + 180 VDC 
Output Current, Iq 100 nuk 

Output transistor has to meet stringent requirements of high 



€9 



^‘5 Prwer Stase Power Supply 
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collector breakdown voltage and high collector dissipation. 
The availability of components dictates the suitable choice 
to be 2N4922 (BVCBO = 60 V and Pq = 30 W at 25° G case) . 

Then, in fig. 6. 6 

(min) + 1) = IOO/jO. 20+1) = 5 mA = 

The zener Ds* (fig. 6. 6) will limit = 50 V. 

Then, Pc^^max ^ ^0 x 0.1 = 5 W 

^C 2 max ^ x 5 = 250 mW. 

Thus, heatsink far Q]_ should be designed to dissipate 5 W and 
still keep the temperature of the collector low enough to 
avoid thermal runaway. The two types of design are shown in 
fig, 6. 7. Table 6,1 gives information^^ regarding "several 
transistor mounting materials. 

Now, Igg < lEg/d+hpgg) = 5/40 = 0.175 mA. 

Let current source, = 2 nul. Diode D 2 ' is chosen to 

19 

have low breakdown voltage for small temperature variations f 
A breakdown! voltage between 6 and 8 V will also cancel the -ve 
temperature coefficient of ^ T. 

TilBLE 6.1 


THERMAL RESETS TANGE OF .^-EFERilL TRANSISTOR MOUNTING MiiTEHlALS 


Insulating V/asher 

Type 

Typical Thermal Resistance QcS 

Dry 

with Silicone Grease 

1*. No insulator 

0,20 

0.10 

2. Teflon 

1.45 

0.80 

3. Mica 

0*80 

0*40 

4, Anodized Aluminium 

0.40 

Q.35 
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Then, % =(^2^- 7gg)/ = (6 - 0.6)/2 = 2.7 K 

and wattage is 6 x 2 = 12 mW. So use i ¥. 

Let 4 mA current flow through D2S then assuming minimum drop 
of 10 volts across the output transistor, 

% - ^^in, (min;! - ^Z2^/ + 1^0) - 6)/4 

= 45 K. 

The maximum current through Rg will be; 

I5 max = (l^ln,max-%)/R8 = {(S04-180)-6)/45 
- 5 mA, 

The 'preregulator' transistor Q4‘ must have BVGBO '2. 60 7 
and collector dissipation "Z 60 x 2 = 120 mW. The 2N2904 
with BVCBO = 60 V and Pq = 600 m¥ (25®G) is suitable. The 
miniature heat sink is affixed to it. 

The ^control transistor^ should have BVGBO Z 18O V and 
Pq Z 180 X 2 = 36*0 m¥. Either of the available transistors 
2N3440 or 40426 is suitable. 

The 'reference' fcr the high voltage supplies should 

consist of a stack of low voltage zeners instead of a single 

■for 

high voltage uni t^ small temperature variations. Two 6 f diodes 
in series have been used for this purpose. Resistor R3 
provides extra current (needed for the reference) which should be 
much large than the variations in current of the ''control 
transistor'. So, let Ig = 5 mA, then 
Rg = (180 - 12)/5 = 33 K. 

The power dissipated = 168 x 5 = 840 m¥, A parallel combi- 
nation of two 2 W 47 K resistors has been used. 




Tube 'P^ctivev. Power Supply' 

FS “ Soo innA 
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So, the current, 13 = 168/24 = 7 ulI and therefore, l2^ = 9 mA, 
Hence power dissipation in each 1N5233A is 6 x 9 = 54 m¥. 

The' comparison elemenf is designed to carry current of 
5 mh, Thus 

Rl + R2 + Rp = 180/5 = 36 K. 

Choosing R2 = 2.7 K, Rp = 68K/2 and Rp = 330 ohms satisfies 

the voltage drop requirement. Power dissipated in R2, Rp and 
Rp are 60 mW, 840 mW and 8 mW respectively. Resistors R2 & 

Rp are i- W units and Rp is parallel combination of two 2 ¥ 

68 K resistors. This completes the 'regulator' design. 

The filter capacitors are 32 }iF - 32 450 VDG rating. 

The full wave rectifier comprises of four diodes which can be 
e.g. IN2071, IM005 etc. (PIV = 600 V| Idc^av = i & 1 A 
respectively). The rms value of the step down transformer 
is estimated as follows: 

The output voltage of full wave rectifier (with capacitor) is 
22 

approximated by : 

^dc = - Cldc/4 fG) = 2^ 7^3). 

and peak to peak ripple is: 

T'pp — I^q /2 fCo 

ThuSjfor G = 64 p.F, and current^I^p “^^23 I3 * ^oj 

120 mA, So, 

7pp = (120 X 10‘’®)/(2 X 60 X 64 x lo"^) = 18 7. 

and: 

7jn = 7 ^q + %c/4 fC = (190 + 18) + 18/2 = 217 7. 
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Thusj assuming no drop across diodes etc, the minimum rms 
output of transformer should he: 

^^rms^min “ 217/2^ = 155 V, 

The actual value is 165 Y rms which was experimentally deter- 
mined (by means of auto transformer) such that at full load 
current the output tra.nsistor never goes into saturation. 

The conventional short circuit protection^^ afforded 
by two diodes across base to emitter junction of is not 
needed because transistor 2N4922 can carry currents upto 1 /mip. 
The most crucial protection, .against voltage breakdown of Q-j ’ 
is provided by 51 7 zener across .collector and emitter terminals* 

The 250 slow bio fuse Fg at the input provides protection 
against overload. Another fuse of 100 mA (slow blow) rating can 
be connected at output for greater reliability. Some experi- 
mental data is given in table 6.2 

The transformer design is outlined in Appendix C . 


T/ix^L E 6 • 2 


Iq mA 

0 

50 

60 

77 

100 

X^CE av volts 

For 

38 

27 

23 

20 

15 

(Pc av W 

0 

1.4 

1.8 

1.5 

1.5 


0 





CHAPTER VII 


EXPERIMENTAL 

The NMR experiment is perfouned using Varian Associates r 
V - 4502 - 12 system. This consists of a 9” rotating -base 
magnet;j a V - 4501 console and the regulated power supply for 
the magnet, 

7,a PROCEDURE; 

(1) The ’^cooling water system* for the magnet is 
turned on, 

(2) Power supply for the magnet is turned on. A 
minimum of half an hour should be allowed for the system to 
stabilize Itself. 

(3) The liquid to be investigated is poured in a 
test tube which is mounted inside the '‘sample coil". 

(4) The gyromagnetic ratio fer protons is 2,665 x 10“^ 

'-1 —1 

gauss sec Hence, the magnetic field required for oscillator 
frequency of 13 MHz is 3,06 K gauss. The field dial is set 
at this value. 

The calibration of the magnet may be necessary to 
account for any error in the dial readings. This can be 
carried out by the fluxmeter, e.g. model E - 8A. 

(5) The' versatile' G.R.O.Tek 454 is used for display. 

R.F. is connected to the channel A and the channel B is 
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Used to monitor the MdR signal. Both the channels are used 
in DO mode. The '’NORMAL” mode of triggering is employed^ for 
which the synchronizing signal is taken from the output of the 
pulse programmer, 

(6) The spectrometer is turned on hy means of the 

switch (All the three pilot lamps must light at once) . 

About one minute of warm up time is necessary for the tubes. 

(7) The table 7,1 lists the various ranges of the 
time delayj period and pulse widths. The search for resonance 
is made as follows s The tuning knob is adjusted for maximum 
RF, The knobs Tjj, T|^ are put at position 1 with switch !52 
down. Then width of the /2 pulse is gradually increased 

to observe the tail. If the signal is not observed, S;2 
switched to other position. 

Now, it may be necessary to increase the delay between 
the pulses and repeat the previous procedure. Once the tail 
is observed, the 'Jt/2 width is adjusted to have the maximum 
signal. After this, the Tt pulse width is adjusted for maxi- 
mizing the spin echo signal. 


TABLE 7.1 

Control of T^^, Tr, t^ 


TIME DE] 

1 

Li 

PERIOD i 

PUKE WIDTH 

Knob 

Position 


Knob 

position 

Tr 

secs^ 

Switch, 
®2 i 

tw • 

JIS 

2 tw 

1 r 

70 - 230 jis 

1 

.10 - .425 




2 

200 - 690 ps 

2 

.295-1.22 


5-25 

10-50 

3 

,690 - 2,08ms 

3 

1.0 -4.05 

" down 



4 

1,85 - 6.5 ms 

4 

2.8 -11.6 




5 

5,6 - 19.4 ms 

5 

— 




6 

13.6 -42.5 ms 

6 

- . 1 . ■ .. . 

S »up” 

25 - 

50-100 

7 

63-. -200ms 


» ■ 
t 

■a 'i 

50 


8 

120 -355ms 


I 

1 
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In an experiment on water (with MpSO^ added) the height 
of the spin echo pulse was 30 volts and it occupied a time slot 
of 0*2 m secs* The •'J'ertical and horizental sensitivities of ^ 
channel B were at 20 Y/^m. and 0.2 msj cm respectiverly. The 
knobs Tjj and Tjj- were at position numbers 2 and 1 respectively. 

7.2 SIMULATION : , ■ 

If the magnet is not available, the working of the 
instrument can be checked by a novel simulation technique. 

An RF signal generator is used to produce an induction signal 
in the coll by placing the signal lead end of the coaxial 
cable near the sample coll. The carrier is amplitude modulated 
internally and the detected sine wave is monitored on the CRO. 
The technique was extensively used for -the actual testing of 
the spectrometer, 

7'.3 R.F. MONITORING: • 

A ceramic capacitor of value - 1,5 pf is soldered to 
the sample coil and the r.f. is detected at the other lead 
of the capacitor. This avoids loading of the tank circuit 
during monitoring* 


O 






Ttuo types 6S= H£AT 





CHAPTER VIII 
CONCLUSIONS 


The previous chapters have described the design and 
performance of a 13 MHz Spin Echo NMR spectrometer. The most 
significant ipf this design has been the achievement of in- 
finite Carrier Suppression Ratio which is a major improvement 
over the existing instruments in terms of simplicity of 
circuit design & fabrication as well as the cost. 


The gated oscillator configuration employed achieves 
two distinctive features. First, the rise and fall times of 
the pulsed waveform are independent of high Q of the crystal 
and second, the frequency-stability of the rf is controlled 
by the crystal itself. 

Above advantages, are achieved at the cost of inability 
to employ the technique of “Coherent Detection". This, 
does not impose any limitation on the spin echo spectrometer 
to be used for liquid samples because neither the bandwidth 
of the signal is inconveniently large nor the signal to noise 
ratio at the input is less than unity. 

A simple extension of the common emitter transistor 
amplifier circuit has allowed the design of the driver stage 
for class C power amplifier. Using the same concept, a 
solid state power amplifier has been proposed which! utilizes 
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a recently discovered semiconductor device called as the ‘over- 
lay transistor'i 

A new input coupling network to the receiver has been 
conceived in order to circumvent the compromises incurred 
Upon by the single-coil technique. The band limited nature 
of the spin echo signal has been profitably exploited to 
achieve the acceptable output signal to noise ratio. 

An important design limitation for the FET neutralized 
amplifier has been pointed out in the fabrication of the 
solid-state receiver. 

The temperature stability of the individual blocks 
Was constantly kept in mind during the design of the instru- 
ment, Adequate measures were taken to prevent the troubles 
arising due to the parasitic oscillations. 

The flexibility of the instrument can be enhanced 
manifold by incorporating a few more digital modules into 
the pulse-programmer. 

Reliability of the spectrometer has been given a 
major consideration during the design as well as the actual 
fabrication. More sophisticated protective mechanisms 
using thyristors can be provided. 

Some analytical results and discussion about hardware 
aspects (with particular reference to the high frequency work) 
have been mentioned in the Appendices. 


0 
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APPENDIX A ' 

BELATION BETWEEN R.F, MAGNETIC FIELD AND R..F, 70LTAGE 

. .a . 

The above relation forms the fundamental design equa*^ 
tion for the spin echo apparatus. The derivation proceeds 
from calculation of magnetic field of a coil along its axis 
and then using the empirical inductance formula* 

Consider the section of the sample coil of length b 
and radius r (All units mks unless specified)'with turns per 
unit length = n. Then total number of turns is CFsg ^‘0 

N = nb ..... ..... CA.1) 

Applying Biot and v^avart low to a single turn coil the exp^ 
rossion for magnetic field at any point x on the axis is® 




(A.2) 


B s jiq 1 r^ / 2(r2+x2)' 
where 1 » total ampere turns. 

The magnetic field contributed by an elemental length dx of 
the coil is then (fig.A.l) i 

dB « ja© C Iq n dx ) r^ / 2((r^ + ... (A,3) 

where, i^ - rms ac cjurrent. • 
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APPENDIX B,1 

BSEFOL TUBE GHAILICT ERISTICS; 576.B 


Heater Volts 
Heater Current 




Plate Input 
Plate Dissipation 
Plate voltage 


10 W 


250 V 


Typical Operation (up to 30 MHz) 
grid resistor ' 39 K 

grid 1 bias -39 V 

Driving Power 0,05 W 

useful power output 6.4 ¥ 


6V AG/DC 
0.75 A 
7000 p. XT 


0.3 pf 
9.5 pf 


4.5 pf 


ICAS 
15 ¥ 
12 ¥ 
300 V 


18 K 
-42 V 
0.15 ¥ 
10.00 ¥ 
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APPENDIX B.2 ■ 
6AK5 GHAR.IGTERISTICS5 


7 Pin miniature vaccum tube (pentode) 
shorp cut off Pentode (upto 400 MHz). 
Heater voltage =6.3 VAC'/ dc. 

Heater Current = 0.175 Amp. 



^SlP 


0.02 pf 


^glk 


4 pf 


^pk 


4 pf 


Characteris 

tics Class 

A\ Amplifiers J 

®b 

120 

180 

V 

Ec2 

120 

120 

V 

rk 

180 

180 

Ohms 

rp 

0.3 

0,5 

MAl- 

Im 

5 

5.1 

mVj- 

ip 

7.5 

7.7 

ma 

ICg 

2.5 

2.4 

ma 

TJ 

-8.5 

-8.5 

V (for = 10 ua) 





.APPENDIX B.3 


Tig 59 FET GHAR>1GTERISTICS . (N channel Junction Type) ^ 


At 13 MHz, 


'11 


Pll ^ = 0 + 0 490 p-o- 

^12 f 12 3 cr^2 = ° J 245 jx xr- 


^21 

^22 


'21 


+ 3 O 21 = 2 -> j 0.245 m 


.0 


22 + ^ 022 = 50 + 3 245 ji "Z^ 


F j G, s • G 

QuTLi^Je. 


Maximum device dissipation in free air at 25® G .= 200 m¥. 
Pinch off voltage = 9 V. 

= 15 V 

Absolute maximum ratings: 

BVDgg = 25 V 
BVGgg = 25 V 
lD(on)= 2S mA 
^GSS = 4 nA 

Parameters at 25®C, Vq^ = 07, = 15 V 

g^g =: 2.3 to 5 m-er- 

yos =50, pi -XT 


^s 


6 pf max . 


Derate in free airt 2 mW / ®C. 


noo, 



APPENDIX B.4 
GA 3023 . GHAR..CTERISTIGS 


Frequency Range DC to 40 MHz. 
Maximum input Signal ± 3 Y. 

Maxm ambient temperature ranges 


Device dissipation 35 mW 

Input Impedance 300 

Output Impedance 100 

Noise figure 6,5 - 


- 55^ to 125® G. 

13 pf ) 4,7 K = 
8,5 dB 



Fig, B,6 Amplifier Voltage Gain Tost Setup 




Fig.B.S Outline 


Fig.B.7 Frequency Response 
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APPENDIX G 
THA NgPORMER DESIGN* 

Ratings: + 165 V, i A» (Secondary) 

(a) Volts/Turn E^ = c (KPA)^^ c = 1, K7A = 0.13 
.*.Et = 0.36 V/Turn 

Cb) = E.t/4,44f = 0,00162 ¥b, f = frequency. 

Let B ,, = 1 Wb/m^. Thus netrseotional area of 
max 

core is, Ai =0.00162 = 16.2 cm^ 

Therefore, gross sectional area, Ag = 16,2/0.9 
^ 18 cm^ 

(c) Window ilrea, ii^ = (KVA) 10^/2. 22 f Bp^ a-sr Aj_ 
where, K^. = winding factor = 0.5 

= Current density in Cu = 2,2 Mega Amp/m^. 

Thus, Aw = 8.2.x 10"® KVA/Ai = 6 cm^ 

(d) LT design 
Turns, Ng = 165/. 36 = 457 



Pig. C.l Window Area and Stacked depth of a Transformer Gore 
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Current, ^2 “ • Therefore, Cross Section, 

ag = i/2.2 z 10® = 0.34 

Frorii (Table C.l) ■wire gauge = 22, 

HT Design 

Turns, = 230 / .36 = 639 

Current, !]_ = KVA x 1000/Vi x Efficiency = 0.66 /imp. 

Therefore, Cross Section, = 0.3 imn^. 

Hence, gauge =23 

For T^ls stampings (fig. C.l), the stack depth A^/h = 18/3.15 ; 

= 5,7 cm. The actual window area = a x c = 6,3 x 2.25 » 14.2 cm^ 


TABLE C.l 
WIRE G/JJGE DATA 


Gauge 

14 

15 " 

16 

17 1 18 

i 

1 

19 

20 

21 

22 i 23 I 24 

1 i 

Area 

3.24 

2.63 

2.07 

1.59i 1.17 

0.811 

0.66 

0.52 

0.397 lo.29lo.245 

mm2 

! 



1 i 

1 ^ 

1: ! 



1 

1 

1 ! 

1 


12 Vpjjjg 8 Amp Transformer Design 
Ci) LT Design 

Turns , : 4p 

Gauge : 14 

(ii) HT Design 

Turns : 743 

Gauge 2 24 

(ill) Stack death - 5 cm (for stampings) 
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APPENDIX D.l 

PULSED RESPONS'E OF TUNED CIRGTTTTSI 


9 ^ 


Consider the parallel tuned circuit of Fig,D,li 
Switch S is initially closed and opened at t = 0, 

V(s) = lCs)/YCs) = I(s)/(sG + l/R + l/sL) 

= sRL I(s)/(s^LGR + SL + R) ... (D.l) 

Roots of the characteristic equation, 

s^LCR + sL + R = 0 ... (D.2) 

are : 

SX,2 = - (1/2EC) + 3 (l/LC - 1/4 r2c2)* ..,.{D.3) 

The output voltage, 

v(t) = L di/dt ... (D..^) 

The current in inductor i(t) is 

l(t) = A(exp(-t/2RC)) cos (wt +0) ... (D,5) 

The initial conditions are: 

i(0+) = E/R« ... (D.6) 

and 

(di/dt)^ = 0-0 (D,7) 

This gives value of A & 0 ass 

A = (E/R^)(l+(l/4w2o2R2))i (d.S) 

T‘ and 0 = tan~^(-l/2wRC) ... (D.9) 
1 '^ ■ 

Hence EqCD,4) reduces to: 

L I" v(t) = •*CE/R*)wL(exp(-wt/2 )) .sin wt 

... CD.IO) 

where-, Q ^ wGR ... (D.ll) 

Pig. D.l Parallel Tuned 
Circuit excited by a pulse. 




Thus, output is a damped sinusoid, the rate of damping 
being such that the amplitude is reduced to (l/e) of its ini- 
tial value in (l/-% cycles . 

The relative amplitude can be expressed in terms of 
the number of cycles N as exp Let IT be the number of 

cycles elapsed for the amplitude to be reduced by P^, then 

exp(-jriT/q) = 1 - (PAOO) ... (D,12) 

or In (1 - P/100) = - nX/Q = - P/100 ... (D.13) 

Hence, N = PQ/lOOTt ... (D.14) 

Thus with a crystal oscillator the oscillations cannot 
be quenched abruptly. This is because Q is so high^when 
gating waveform is applied the oscillation continue with any 
small decrements in amplitude. Consequently the conventional 
crystal oscillators are not suitable for gated oscillator 
synthesis. 



/iPPENDlxjD.:.2 

ON THE USE OF GRYgTiiL IN PULSED OSCILLATOR 



The electrical equivalent circuit of a piezoelectric 
crystal is shown in fig.D/i^ together with the impedance as 
a function of frequency. 


The series and parallel resonance frequencies are 
rolated by 

fp/fs = (1 + ... luas) 

For fg < f < fp, the impedance is inductive but capacitive 
else ‘Where. The Quartz crystal can oscillate in any or all of 
the several modes, each of which has its characteristic freq- 
uency. There will in general be one mode that is more easily 
excitable than any of the others. However, it is possible for 
a coupling between the modes to exist so that excitation of 
one mode induces excitation of the other . This condition 


can be very troublesome in a pulsed crystal oscillator since 


it leads to an output voltage containing two or more frequencies 

Z(f) 



Fig . P.2 Equivalent Circuit 
of Crystal 
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■which are not harmonically related. 

The shifting of modes has been observed in the gated 
oscillator also. This phenomena however occurs only if the 
amplitude of gating pulses drops below the threshold value of 
1.5 volts. Since the pulse-programmer gives pulses of fixed 
amplitude 4,5 7, this undesirable behaviour is of no concern. 



APPENDIX D,3 


gSGIDLATOR BUILDUP ANALYSIS 

It is Instructive to examine the oscillator build up 
phenomena as takes place in the R.F, pulsed bscillators. The 
oscillator can be viewed as a feedback amplifier with special 
restrictions on A and^ « Equivalently, it can be analyzed 
from negative resistance point of view. Fig. D.3 depicts the 
equivalent circuit suitable for analysis. 

Now 


V(s) = I(s) Z(s) = I(s)/Y(s) 

= I(s)/(Gg + G + sC +(l/sL)) ...(Dae) 

or V(s)/I(s) =.(»/a}^(s2+s(Gs+G)/G 4- Cl/LG)) ...(Da?) 

The poles are located at 

^1,2 “ - i (1/LC - (Gg + G)^/4 g 2)^ ...(Das) 


= -o(+ 5 w^ 

Here cK s (g^ + G)/2G is independent of inductance value, 
but depends on the .losses and hence on q of the coil. The 


1 

'p J 

i ^ 

\ 

^ ^ — 


1 

1 , 

Q i: 

! : 


! 

4 


Active device Passive Porti o n - > 


Pig* D.3 Model for Oscillator build up analysis. 




v(t) = (Ai exp(,1W(!)t) + A2exp(-jW(5t)) ,..(D,19) 

Hence for oscillations to build up -c<,> o. 

or Gg ^ < 0 ”• (I>. 20 ) 

Thus G - Gg, ... (D.231) 

Now, the conductance G represents coil -losses and any 
external resistance, Eq (D. 203 states the necessary condition 
that oscillations will build up if sum of the conductances in 
the parallel circuit is less than zero. 

As the amplitude grows, the gain of the amplifier falls 
due to inherent nonlinearity. Physically, (Gg + Gjstarts in- 
creasing from its initial negative value. The steady state 
is reached when 

Go + G = 0 • • • (D,22) 

This means Gg is a function of time during transients. Also 
the frequency of oscillation increases from initial value, 

f » (1/2 TC)CiAG - (Gg + G)2/4C^)‘^ ... (D.23) 

to a steady state value, 

= (l/21t)a/LC)^ ...(D.24) 

This behaviour is summarized in Fig.(D.4|. 
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APPENDIX E 


SOME GONDLUS^IONS ABOUT RF CHOKE DESIGN . 

RP chokes are frequently needed in high frequency 
amplifiers for decoupling purpose. It is not immediately 
obvious which design will be optimum e.g. value of induc- 
tance, number of turns and physical layout of the winding 
all have remarkable effect on RF choke performance as an 
effective decoupler. 


Q of the RFC should be large enough to avoid any^ 
significant RF losses. Ignoring the losses, the simplified 
equivalent circuit consists of an inductor in parallel with 
the parasitic capacitor. The self resonant frequency of this 
circuit should be larger than the operating signal frequency 
in order that the effective impedance is inductive. This 
implies that beyond a certain value it is no longer useful 
to increase the choke value. Mathematically: 


and 

or 


Wo L Cex < 

Wr L Gqj. = 


1 

1 


Wr> 


w. 


(E.l) 

(E,2) 

(E.3) 


whore Wj. mnd Wq self resonant frequency of coil and the 

signal frequency respectively. 




Fig. (E.l) 7T* Winding 


must have self capacitance 3 pf , This becomes particularly 
very importants for power amplifier where cables add their 


own eapacitance. Thus the fundamental problem is to design 
RFC with as high an inductance as possible with small parasitic 
oapacitancG such that self resonant frequency of the combiw 
nation Ir. much larger than operating frequency. 


Now inductance of a single layer winding is given ass 
L = p n^r2/(9r + lOl) microhenry .. .(E.4) 

Where* j:i is the permeability of core, n the no of turns 

of winding, r and 1 are radius and length of core in inches, 

A larger inductance can be achieved by (i) increasing n (il) 

increasing ji. Method (i) increases parasitic capacitance also. 

Method (ii) introduces some losses but a good quality powdered 

core is satisfactory for most applications. Also multilayer 

windings increase parasitic capacitance remarkably. Tl type 

winding as shown in fig. E.l avoids this difficulty ^ to some 
©arbeyit since now the parasitic capacitances are series. 

The Q meter can conveniently be used to measure para- 

sitlc capacitance^ as small as 1 pfJ- 

The resonance is observed at two frequencies fi and 

w^^Xi — 1, Wg^L Cg = 1 


,,..(E,5) 




where 


toz 

= ^ez + °di 

C 2 = + Cti2 ! 

Where and are dial readings. If W2 = 2 wj. 

Then 

W2^/wi2 = 4 = C 1/C2 = (Cex+Cdi)/(Gex + Cdg) ... (E.6) 

Hence, 

^ex “ ^*^di " ^ 0^2)73 ... (E,"^) 

Here it has been tacitly assumed that over the frequency 
range Wj^< w < W2 the parasitic capacitance is a constant quantity. 
This may not be true strictly. However the error incurred upon 
will not be too great if(wi+W2) / 2 = w^. Using single layer winding 
winding of gauge 30 wound on formers with ferrite cores, the 
author has been able to fabricate chokes as high as 75, jiH with ; 

parasitic capacitance as less as 2 pf . : 
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APPENDIX P 

F.E.T. PREMPLIFIER AlfALYSIS; 

BOUNDS ON COMPONENT VALUES OF NEUTRALIZING NETWORK 

(Modified Approach) 

Fig.(P.l) shows the. basic FET amplifier configuration 
used in the preamplifier. Fig. F.2 depicts the equivalent cir- 
cuit pertinent for analysis. Here, range of values permissible 
for the condenser used to develop the neutralizing voltage 
are deduced. 




4 

lOi 


These currents by ohmfs law are evaluated to be: 

if (v^ - Vg) 3 W Gg^ .,,(F,2) 

alirt in = *" '^g) ;) w .. . (F.3) 

Eaiminating if, i^ from (F.l), (F.2) and (F.3), 

^Sd ^<i " ^*^Sd ^n ^ ... (F,3a) 

At node n and node d the KGL gives: 

CV(| - Vn)/lwL = Vn j w Gf + (vn - Vg) jwGn ...... (F.4) 

^ ’'^d C'^d “ Vn)/jwL = 0 ... (F.5) 

On simplification the result is: 

V(i - w^L Ojj^Vg + (“ 1 + w^LCG^ + Gji)) Vj^ = 0 ,.(F.4a) 


Vd(l~w%G - w^L Gg^ + ;5wL/R) ■f' (w^LGg^ + giii)Vg-Vn=»0 

. . (F,5a) 

The set of linear homogeneous equations (F.3a), (F. 4a) 


and (F,5a) in Vg and Vj^ can have nontrivial solution iff 
the determinant of coefficients vanishes, i.e. 
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Also j 








Re Det 

C....] 

= 0 


CF.8) 

and 

Im Det 


= 0 

" ■ • * • 

(F.9) 

On using 

the inequalities, 
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(F.IO) 

and 

t 
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Wq^ L Cl 

♦ ♦ * 

(F.ll) 
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Tl^e equation (F.8) after simplification reduces to: 

. "^0 ^ ^gd ^ 1 + ^ Wq ^ ) 


^^0 ^ ~ 1 - u w§ L Cl 


. . CFa2) 


For realizable values of Cv, we have from Cf,12)i 


2 2 
^ ^0 ^ > 1 + u Wo L C^ 


.. . (F.13) 


Which simplifies to 
2 

^0 I- C > 1 . . (P.14) 

and is true since the effective inductance is now reduced due 
to presence of fct^Eq(F.9) yields on using (F.IO) and 


(F*ll) j another expression for C^^ : 


Gn = Wq I* Cl Gg^4-(WoL C^/gjj^R)) 

Consequently, 

... CF.15) 

1 > L Gi/gn R 

■ 

Elq (F,16 ) yields the upper bound^ as 

... (F.16) 

'h. t 

.. (F.17) 


The lower bound is evident from fig. (F.l) to be: 

I/^WqC « JWqL 


or 

2 

C >> 1/Wq L 

Combining (F.17) & (F.IS 3 allowable set of values for Ci is 

... 

fo und to be 

(I/Wq L) « Cl < g^nc ... (Fil9) 

This result is identical to the one reported by author' 

' ' ' 

using a flmplified inodel.£Re^'fS)fj« 2 j 



APPENDIX G.l 

COMPONEN T.? 'USED AT HIGH FREQUENCY 
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The proper choice of components is very essential for 
the successful high frequency work, 

G.1.1. REGISTORvG; 

Wire wound resistors are very stable with respect to 
changes with temperature than composition type resistors but 
unless the special winding method have been used (e.g. Ayrton- 
Perry,fishlinG) they contribute appreciable self inducfJance 
and self capacitance which makes them unsuitable for high 
frequency work, Hence_, wherever the resistance of power 
rating IW is required composition Type are suitable. It 
is to be^in mind that composition type resistors are subject 
to noise due to variations in resistance from intermittent 
contact between particles, 

G,l,2. OAPAGITORSs 

Electrolytic and paper condensers are unsuitable because 
they became inductive at high frequencies. Ceramic, mylar, 
polyster, mica are^low loss, high breakdown strengh and stability. 
But mica can become self resonant at about 10 MHz (depending 
on capacitance value) whereas some special ceramic condensers 
are usable^upto 1 GHz. ■^>ne of the most desirable types is 
the silvered mica. It has low temperature coefficient of 
capacity, low 'power factor, and very low parasitic inductance. 
However ^ ceramic condensers^ owing to large dielectric constant 
are very compact ^small sized units for even as large a value 
as 0.1 )aP. Also due to negative temperature coefficient of 
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ceramic capacitors, some compensation can be made for the 
positive coefficient of coil inductance, ill so^ the high secular 
stability of ceramic is^very desirable property, 

The Condensers with air as dielectric became necessary for 
tuning,.;;.. » 

Colour bands are used for pin-up type ceramic capacitors^ 
whereas 6 coloured dots in 2 rows are employed for silvered 
mica Capacitors. The former is decoded in the usual way, is for 

n. 

resistors^ with the first significant figure away from the leads 
whereas latter is read with arrow to the right. 

G.1,3 INDUCTORS; 

Since the capacitors used are of very small losses, the 
unloaded Q of a resonator depends almost entirely on the Q of 
the coil. The coil must have low parasitic capacitance and a 
high unloaded Q. 

The form of inductance coil most frequently used in RF 
circuitry is the single layer solenoid, although powdered; iron 
cores are sometimes necessary for a larger inductance or 
variable inductance. The self inductance and the resistivity 
vary with frequency because of proximity and skin effects. 

Since the resistivity of a conductor varies rapidly with 
temperature, the inductance of a coil may be very sensitive 
to temperature changes even though no appreciable change 
occurs in its dimensions .(This may be as high on 100 ppm/®C)* 
For reducing skin-effect two methods used are: (i) Silvered 
surface# (ii) use of sheet copper straps* A thick copper 
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•wire Ce.g. 18 gauge) is necessary for high Q. These thick 
■wire coils can be made self-supporting also. 

H.F. Chokes necessitate the use of multilayer winding. 
Wave winding and Bank winding can be profitably employed for 
minimizing self capacitance, > 

G.1.4. CONNECTING LEADS': 

Connecting wires should be as short as possible. The 
thicker wire has less inductance,- 16 gauge bare copper wire * 

Is Used for making an effective "ground" running in the chasis. 

I t is n ot desirable to worry about the layout-apperance as one ! 
d oes at lo w frequencies, i 

G.1.5. GOUI/J. CABLES: | 

i' 

The coaxial cables are used to transfer energy from one 
point to the other which are physically separated. The reactance 
for lengths less than quarter wave length is capacitiye . This i 
can^troublesome at some places in the circuit, Hence^out of 
the available kinds, the lower capacitance per feet type is 
selected;: 


TABLE G.l 


liable 

Typo -RG- 

Capacitance 

pf/ft 

Zoi^O 

58/U 

28.6 

53.5 

8AJ 

26 

50 

69AJ 

21 

73 

62A/U 

13.5 

93 

71/U 

13.5 

93 

63/tJ 

10 

125 

79B/0 

10 

; O' 

73B/a 1 

10 

\2S 


RG62AAf has been used instead of RG79B/U because latter 
is too thick and stiff. 


o 



APPENDIX G.2 


& OTHER IMPORTANT FABRICATION .'iSPEGTS 

The justification for including this note is as followss 
the success of the high frequency circuits is almost entirely 
dependent on how much care has been observed in the chasis 
layout. The Important points are summarized t— 

Ci) Chasis material must be highly conductive. Copper 
chasis is the best^if available. Aluminium does not lend itself 
on any soldered "ground'" on the chasis. Mild steel chasis with 
cadmium electroplating is satisfactory for most applications. 

Cii)No ur^cGssary holes should be drilled into the 
chasis* The different stages should be shielded against one 
another by dividing the chasis into compartments. Ce.g. see 
tube receiver photograph) 

(ill) Effective grounds are made by first scratiBhing 
the chasis (to make it rough and expose clean surface) heating 

it for^mlnute by solder iron (at least 125 W) and then touching 

K 

the hcatod portion by the solder wire. 

(iv) Proper soldering is very essential: avoid dry 
joints. For this_; the parts to be soldered must be sandpapered 
before tho process. External flux is not necessary since solder 
wire contains it already. Any residual flux must be cleaned 
by Trichloro ethyl eve (or any organic solvent) since otherwise 

the dust deposited in course of time introduces noise. 

a. woe. ts ru/r. 

aJb (X 



W Tubes must be used with the shields (preferably 

spring typo) to ayoid undesirable BP coupling to other parts 
in the circuit, 

X f tO 0 

(vi) or more coils are mounted on the some card, 
their axis should be held mutually perpendicular. 

Cvll) The power supply leads must enter or leave the 
chasls by means of ceramic feed through capacitors to decoupl 
the finite, nonzero power supply impedance. 

(vlii) Use of Multipin plugs is very convenient for 
the connections to and fro for the various 

(ix) 19'’ rack and panel arrangement , is suitable for 
power supply units. (Fig.G.i) 

(x) Ground lead and power supply leads are elegantly 
fabricated using 14 or 16 gauge bare Copper wire. The thick 
wire is more reliable than ordinary 22 gauge wire which may 
break off easily. 

(xi ) iideQuate protection should be provided against 
vibration by using rubber feet or hard sponges. 

(xii) Printed circuits should be used as far as 
posvSible because of their numerous advantages. 
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